In this study, the result of calculations using rotational, translational and Galilean invariant quasiparticle random-phase approximation is presented for the low-lying dipole excitations in the even-even 160 Gd nucleus. Calculations are carried out for both ∆K =1 and ∆K =0 branches. The analysis shows that the main part of spin-1 states, observed at energy 2.4-4 MeV in 160 Gd, have M1 character and are interpreted as main fragments of the scissors mode. The calculations indicate the presence of a few prominent negativeparity dipole ∆K =1 states in the investigated energy region, in agreement with experiment.
Introduction
Low-lying electric and magnetic dipole excitations in heavy nuclei are of great interest in modern nuclear structure physics [1] [2] [3] . The existence of the new class of lowlying isovector excitation with spin and parity 1 + was predicted within a semiclassical two-rotor model [4] and first observed in 1984 in 156 Gd nucleus in inelastic electron scattering experiments [5] would be a good example to this. These observations triggered a large number of both experimental and theoretical work on the this so-called scissors mode excitations [1] [2] [3] [6] [7] [8] . Nowadays this mag-netic dipole mode has been found for isotopes with a permanent deformation in a wide region, beginning from the light nuclei (such as 46 Ti) up to the actinides, also including the transitional and γ-soft nuclei (see Ref. [3] and references therein). These observations prove that the scissors mode is a fundamental excitation mode of deformed nuclei. However, up until now the parity assignment is not always defined, so experimentally observed dipole states of unknown parity, with ∆K = 1 quantum numbers, are usually assigned using Alaga rules of M1 magnetic dipole excitations [9] . In the recent (γ γ ) scattering experiments on 160 Gd nucleus, the E1 electric dipole excitations with ∆K =1 quantum number have been observed at energies below 4 MeV [10] . This showed that not all the ∆K =1 transitions are of M1 character. In addition, the parity determinations allow identifying the low-lying dipole ex-citations in the spectroscopic region. Since experimental evidences do not establish parities of many states, the claim that all ∆K =1 states have magnetic character is open to question. Therefore, the ∆K quantum number does not provide enough information to specify a parity of the J = 1 states.
For 160 Gd nuclei there is not as much theoretical data, only some works in the QPM method that was done by Soloviev and coauthors [11, 12] . In those works, they investigated the 160 Gd nucleus in detail using both the QPM and QRPA methods. They showed that the nature of the transition does not change in general, once the two-phonon states are included. Most of the strongly excited low-lying QPNM states are dominated by a single QRPA phonon. But in those works, restoration of broken rotational symmetry is not completely solved. Therefore the identification of electric and magnetic dipole states of 160 Gd needs additional theoretical analyses. The aim of the present work is to investigate the features of the magnetic dipole states and to see if any E1 excitations with ∆K =1 transitions exist in the 2-4 MeV energy region in 160 Gd nucleus. There, by selection of suitable separable effective isoscalar and isovector forces, without introducing any additional parameters, we can restore rotational invariance of the model Hamiltonian within QRPA for the description of the M1 modes, as well as translational and Galilean invariance for the calculation of E1 excitations in 160 Gd nucleus. (A detailed description of the method was given in Ref [13] .) We calculate mean excitation energies and the summed B(M1) value and groundstate transition widths of the dipole excitations. The results of the calculations are in good agreement with obtained from the experimental data for 160 Gd.
Theoretical calculation
The method of restoring broken symmetries has been described in Ref. [13] , and in framework of this theory we investigated the low-lying dipole mode for nuclei from different areas [8, [13] [14] [15] [16] . Therefore, we restrict ourselves here to a short description of the applications to low-lying M1 and E1 excitations.
Magnetic dipole states
The model Hamiltonian which produces 1 + states in deformed nuclei is given by
where 0 and 1 describe the isoscalar and isovector restoring interactions respectively. Here, H is the Hamiltonian of the single-quasiparticle motion. The V σ τ term takes into account the spin-isospin interaction which produce the 1 + states in deformed nuclei, and has the form
where χ σ τ -is spin -isospin interaction strength and σ and τ are the Pauli matrices that represent the spin and the isospin, respectively. According to Ref. [13] the rotational invariance of the single-quasiparticle Hamiltonian can be restored with the aid of a separable isoscalar and isovector effective interaction, of the form
and
Here, γ 0 and γ 1 are the isoscalar and isovector coupling parameters, respectively. J ν are the spherical components of the angular momentum (ν = ±1); V 1 is the isovector potential that describes the average nuclear field.
Electric dipole states
The model Hamiltonian that produces 1 − states in deformed nuclei and includes restoring 0 and ∆ interactions for Transitional and Galilean symmetries is
where H is the Hamiltonian for the single-quasiparticle motion, and the interaction W 1 represents the coherent isovector, dipole vibrations of protons and neutrons. The centre-of-mass (c.m.) of the nucleus is taken at rest. According to [13, 17] , the translational invariance of the single-quasiparticle Hamiltonian can be restored with the aid of a separable isoscalar effective interaction of the form
Here P µ is the spherical components of the linear momentum for the J π = 1 − excitations, and µ = ±1. In order to restore the broken Galilean symmetry of the pairing potentials U ∆ we further add a term in Eq. (5)
The coupling parameters 
Here, χ 1 is an isovector dipole-dipole coupling constant, and R R are the c.m. coordinates of the neutron and proton systems, respectively.
Results and discussion

Numerical procedure
The numerical calculations have been carried out for the even-even 160 Gd nucleus. The single-particle energies are obtained from the Warsaw-deformed Woods-Saxon potential [18] . The basis contains all discrete and quasidiscrete levels from the bottom of the potential well up to 3 MeV. Except for mean-field potential parameters, the model contains only a single parameter for the calculation of either M1, the spin-isospin interaction constant, namely χ σ τ = 40/A MeV [19] , and E1 the isovector dipoledipole interaction parameter χ 1 = 300/A 5/3 MeVfm −2 [15] . The monopole pairing-interaction constants taken from Soloviev [20] are based on single-particle levels corresponding to the nucleus studied. Values of the pairing parameters ∆ and λ are shown in Tab. 1. To make a detailed structure analysis for the electric and magnetic dipole states, the calculations were carried out for both ∆K =1 and ∆K =0 branches in the energy interval between 2 and 4 MeV. The analysis shows that the strongest ∆K =1 excitations in the investigated energy range are mainly magnetic character.
Magnetic dipole excitations in 160 Gd
The present calculation indicates the presence of twentyfour ∆K =1 excitations with high summed M1 strength 160 Gd suggest that the ∆K =0 contributions of the magnetic dipole strength should be small (about 5%). Fig. 1 compares the calculated magnetic dipole states with the experimental data from Ref. [10] . In accordance with the experiment, we excluded transitions with strengths of less than 0.01 µ 2 N from the figure. As seen from the figure the main part of the calculated M1 dipole strength of the scissors mode K π =1 + excitations clustered in three groups around 2.1 MeV, 2.7 MeV and 3.3 MeV. A similar situation arises for the experimentally obtained states clustered around ω = 2 7 MeV and ω = 3 3 MeV. However, the experiment did not observe much clustering around 2.1 MeV. It would be very interesting to look at the phonon structure of the calculated states. In Tab. 2, the excitation energies, the reduced B(M1) probabilities, the single-particle asymptotic Nilsson quantum numbers (N ΛΣ), and the two quasiparticle amplitudes ψ are given for ∆K =1 states. There we list the largest two-quasineutron nn and two-quasiproton pp components of the wave function of the one-phonon state.
Notice that here we present only two-quasiparticle amplitudes (ψ ) which contribution more than 1% to the norm of the phonon wave function.
The table shows that relevant one-phonon wave functions of the 1 + -excitations are shared by a number of two-quasiparticle configurations. Several states have a relatively large number of two-quasiparticle configurations. This shows that low-lying, magnetic-dipole states are strongly collectivized. Experimentally, six states of the 160 Gd nuclei obtained were electric-dipole in character in the energy interval 1.8 -3.5 MeV. But in that experiment the exact spin and parity were determined only for two dipole states. So here we avoided presenting any summed strengths for experimentally observed electric dipole states. We stress that this is one of the rare situations where it is possible to measure negative parity in this region. In many experimental cases, unknown-parity dipole states with ∆K =1 were considered as magnetic dipole states. The present observation shows that not all states with ∆K =1 quantum number has M1 character. This supposition was discussed in our previous work [21] . In agreement with experimental observations, our calculations have shown some E1 excitations with ∆K =1 quantum number in the 3.2-3.6 MeV energy region (see Fig. 2, solid lines) . The theory predicts some more E1 levels around 2 MeV as well. In this region, only two E1 dipole states are experimentally observed, one of them with an unknown K quantum number. Our calculations show that electric dipole states with ∆K =0 play a relatively weak role.
Electric dipole excitations in 160 Gd
We calculated the phonon structure of the electric dipole states. In Tab. 3, the excitation energies, the reduced B(E1) probabilities, the single-particle asymptotic Nilsson quantum numbers (N ΛΣ), and the quasiparticle amplitudes ψ are given for the ∆K =1 branches of the E1 excitations. As seen from the table, all calculated E1 excitations are single two-quasiparticle states contributing (Fig. 3) . As seen from the figure, the main part of the calculated dipole strengths with ∆K =1 are clustered in three main groups. Also in the 3.3 MeV energy region experimentally observed two electric dipole excitations with a ∆K =1 quantum number. In this region, theory predicts one well pronounced electric dipole state with ∆K =1. As seen from the figure, contributions of dipole states with ∆K =0 are very small. We also calculated the summed reduced dipole transition widths. Comparison of calculated and experimentally [10] observed summed reduced dipole transition widths Γ 0 for the 160 Gd, in the energy interval 2-4 MeV are given in Tab. 4. ) of the 160 Gd nuclei, which is supported by nuclear fluorescence experiments. Thus, many spin-1 states with ∆K =1 quantum number observed in 160 Gd [10] have M1 character, and may be interpreted as being a main fragment of the scissors mode. Thus, our results show that in 160 Gd, almost all stronger M1 transitions have ∆K = 1 character, as in the well-deformed nuclei [22] . 
Conclusion
QRPA calculations with the rotational, translational and Galilean invariance model are made to investigate the low-lying, electromagnetic dipole excitations in 160 Gd. The calculations provide detailed information on the excitation energies, transitional probabilities and structure of low-lying dipole excitations using the QRPA approach. The theoretical calculations are compared with the experimental ones. As in many deformed nuclei, we observed in 160 Gd a concentration of the scissors-mode strength in the interval 2.4-3.7 MeV. Our orbit-to-spin ratio calculation shows that M1 excitations have mainly an orbital character, where the contribution of states with spin character is relatively small. The results of the calculations also show that the relative contribution of ∆K =0 transitions to the total dipole decay width below 4 MeV is very small. This result is in suitable agreement with experimental observation.
As indicated in Ref. [10] the appearance of the dipole ∆K =1 states with negative parity is confirmed by our theoretical calculations as well. From this point of view, the calculations indicate the presence of a few prominent negative-parity ∆K =1 states in the 2-4 MeV energy interval.
